History of surface deformation related with CO 2 injection at In Salah Gas Project, Algeria, was analyzed using satellite-borne Synthetic Aperture Radar (SAR) data. The Project is widely known as long term CO 2 storage project, of which injection has been performed since August 2004, with injected amount of 0.75 million tons CO 2 per year. Surface deformation around three injection wells, KB-501 through KB-503, has been analyzed by Differential Interferometry SAR (DInSAR), a promising remote sensing technique to detect surface deformation at an order of millimeters, using 47 scenes of ENVISAT ASAR spanning from July 2003 to May 2010. Amongst three injection wells, CO 2 injection at KB-502 has been temporarily shut down in July 2007, due to CO 2 breakthrough at an appraisal well KB-5 located 1.3km to the northwest of KB-502. Permanent decommission of KB-5 was completed and the injection at KB-502 was restarted in November 2009. DInSAR analysis has revealed the surface displacement pattern between July 2007 and May 2010 around KB-502, which is thought to be related with shut-down and recommencement of CO 2 injection.
Introduction
In Salah Gas Project is well known as one of huge CCS (Carbon dioxide Capture and Storage) projects in the world. Project is located in the rocky desert where ground surface is vegetation free. In such a dry area, a radar signal transmitted by a satellite SAR sensor and scattered at surface objects is generally quite coherent for different observations, which is suitable for the InSAR processing. Some studies on the monitoring of surface displacement at In Salah using InSAR technique have demonstrated the usefulness and effectiveness of the use of satellite SAR data as one of monitoring tools. This study focuses on recent surface displacement patterns related with CO 2 injection operation at In Salah, as well as confirmation of surface deformation history since the injection of CO 2 Perspective view of Landsat7 ETM+ true color image of the In Salah Gas Project with CO2 injection wells (blue lines) and gas production wells (red lines). Shuttle Radar Topography Mission version 2 data was used as an elevation data. Maximum elevation difference in the area is less than 80m.
Methodology
SAR data is a complex image consists of the amplitude and the phase. Interferometric SAR (InSAR) exploits the phase difference between two observations, which can be converted to the distance along the line of radar illumination (Line of Sight; LOS), and to the height using SAR look angle and platform altitude. Differential InSAR (DInSAR) treats the phase difference corresponding to the displacement of the surface occurred between two observations. In DInSAR the displacement is measured in terms of the phase, and the accuracy of the technique is believed to be 1/10 to 1/20 of the wavelength of radio wave used. ENVISAT ASAR data of C band radar system with the wavelength of 5.6cm, vegetation free environment and low relief feature of the objective area ( Figure 1 ) enable us to detect surface displacement of millimeters scale related with CO 2 injection.
Phase difference (differential interferogram) is calculated by subtracting phase components related with topography and satellite orbit (Figure 2 (b) ) from the initial interferogram (Figure 2 (a) ). Topographic phase can be simulated from the digital elevation model (DEM) and the baseline, the distance between two sensors calculated from the orbital information. Figure 2 (c) shows an example of a differential interferogram containing baseline error causing phase bias change trending from upperleft corner to lowerright corner. This can be removed by refined baseline calculated from the height data of ground control points and corresponding differential phase (Figure 2(d) ). The phase of baseline-refined differential interferogram consists of LOS projection of the displacement, tropospheric turbulence, DEM error and thermal noise. Considering low relief feature of the area as well as the accuracy of the DEM and the interferogram pixel dimension of 80m x 90m, the contribution of DEM error to the differential phase is negligible. Tropospheric turbulence and thermal noise are stationary for an interferometry pair, whilst the surface displacement can be considered as coherent signal in time domain. When a number of interferograms are available, the influence of tropospheric turbulence and thermal noise on the differential phase can be greatly reduced with emphasizing temporally coherent signal such as subsidence or upheaval by stacking process of differential phase [1] . Figure 2 When a number of differential interferograms are available for an objective term without any observation interval gaps, the deformation time series can be derived by solving the equation
where Y=[I 1 ,I 2 ,….I n ] is the set of differential interferograms and X=[x 1 ,x 2 ,….x m ] is unknown displacement parameters for intervals between observation dates of neighboring SAR data. A is a matrix with n x m dimensions. Equation (1) can be solved in least-square manner by Singular Value Decomposition method [2] , and deformation time series can be reconstructed using X.
Results
Interferogram generation and stacking was performed using 47 scenes of ENVISAT ASAR data spanning from July 2003 to May 2010. In total 152 interferometry pairs meet with the requirement of the perpendicular baseline less than 100m and having slave scene (later acquisition of a pair) acquired after August 2004, when the CO2 injection has started. Interferograms were produced for all pairs with 4 looks in range direction and 20 looks in azimuth direction, resulting in the ground pixel size of 80m x 90m. Multilooking process with such large number of looks can reduce the phase noise and improve the coherence of an interferogram. Baseline refinement was performed using elevation of GCPs extracted from the area with coherence value higher than 0.5. Among them, 71 pairs (Table 1) without severe tropospheric turbulence patterns and with the observation interval longer than or equal to 175 days, 5 cycles of ENVISAT orbital revisit period, are adopted for stacking differential phase, in order to obtain the surface deformation rate with minimizing the influence of tropospheric turbulence and phase noise, and define the deformed areas. Detected deformation rate map is shown in Figure 3 . The result of stacking shows that surface upheaval rate up to 5 mm/year was detected around all of the three injection wells, whereas a subsidence rate of 2 mm/year for the gas-producing wells. Areas deformed by CO 2 injection and gas production were defined by masking pixels with absolute vertical displacement rate less than 1mm/year ( Figure 3 , on right), and the rest was considered as non-deformed area. By masking the deformed areas out from the differential interferogram, spatially coherent phase noise of deformed areas can be interpolated from the phase of non-deformed area, which are subtracted from the initial interferogram as well as simulated phase to derive the input differential interferograms of the reconstruction of time series.
Resulted deformation time series for selected 6 dates are shown in Figure 4 . According to actual KB-502 history [3] , CO 2 injection at KB-502 started in April 2005, and the well has been temporarily shut-down on 28 June, 2007 due to CO 2 breakthrough at a suspended appraisal well KB-5 located about 1.3 km to the NW of KB-502. The source of the CO 2 breakthrough was confirmed to be injected CO 2 at KB-502 by a tracer. After long period of quiescence, CO 2 injection at KB-502 was recommenced in November 2009, on completion of permanent decommission of KB-5. The upheaval at KB-502 due to re-injection of CO 2 , however, can not be observed on the deformation time series derived from DInSAR results for several months (Figure 4) , and the indication may be detected on SAR data acquired on 27 March and 1 May, 2010. Upheaval of 2-3mm for last two points of KB-502 is shown in Figure 5 .
By using the results of deformation time series, the comparison was made between the volume of deformed part around three CO 2 injection wells and cumulative amount of injected CO 2 ( Figure 6 ). KB-502 curve of cumulative CO 2 injection was used to adjust curves of other 2 wells. The history of at KB-501 CO 2 injection looks quite concordant with volume change of deformed area calculated from DInSAR deformation time series, but they do not agree for KB-503. Further investigation must be needed to explain such disagreement.
Conclusion
Recent surface deformation pattern related with CO 2 injection at In Salah Gas Project, Algeria, was successfully analyzed by DInSAR using 47 ENVISAT ASAR data spanning from Jul. 2003 to May 2010. Deformation time series was successfully reconstructed using DInSAR dataset. Detailed measurement using deformation time series has revealed that the deformation around KB-502 might turn into upheaval from subsidence around March 2010. There must be several month delays between the re-injection of CO 2 and its influence on the surface. Further analysis with recently acquired ENVISAT ASAR data is mandatory to confirm the change in deformation pattern at KB-502.
Although the verification of the results was not performed simply due to lack of reference data, judging from the agreement between deformation patterns and well locations it is obvious that the DInSAR analysis using satelliteborne SAR data is promising technique for monitoring of surface deformation related with CO 2 injection in the area. All weather, day and night observation capability of satellite-borne SAR systems and the huge archive of repeated observations provide us with cost-effective monitoring tool comparing with other conventional geophysical surveys. When adequate number of interferometry pairs are available, the deformation time series can be detected, which may be one of supplemental data to refine the model of underground distribution of injected CO 2 . Accordingly, the DInSAR result is expected to contribute to numerical modeling when combined with results of traditional geophysical surveys. Applicability of the L band and X band radar data with wavelength of about 24 cm and about 2cm respectively should be evaluated. Continuation of satellite data acquisition over the area and the monitoring using DInSAR technique are highly recommended. Cumulative volume change around CO2 injection wells and gas production wells (symbols, axis on left) and cumulative CO2 injection history (lines, axis on right) after [4] . Note high correlation for KB-501 and KB-502, but not for KB-503. Volume for KB-11 is of subsidence and is inverted for display purpose.
